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— SECTION I

PROG RAM OBJECTIVES

G a ll ium arsenide solid-state microwave devices are currentl y in a stage

of rap id development . These advanced devices are being exp loited to extend

the performance levels of several key microwave systems of military i mportance.

Current l y, the capabi lities of these dev i ces are limited b y the quality of the

epi taxia l material within which they are fabricated and by the ability to pro-

cess this material into precisel y defined device geometries. As the devices

are applied to hi gher and hi gher frequencies , the requirements p l aced on the

ep itaxia l l ayers , particularl y with respect to thickness contro l , and on the

fineness of the device geometries place severe demands on the ep ita x ia l growth

and processing procedures . It has been recognized that solid state diffusion

of incorporated dopant can limit the widths of compositiona l transitions and

hence the ultimate laye r thicknesses in mu ltilaye r epita x ial structures . Since

the rates of solid state diffusion decrease si gnificantly with decreasing tem-

peratures , it should be possible to reduce the diffusion limitations by epi-

taxiall y growing the structures at l ower temperatures. However , epitaxial

growth is a comp lex process sensitive to many parameters , and to achieve re-

liable growth at subnormal temperatures , speci a l growth procedures must be

developed. Establishment of such procedures was the primary objective during

the initial phase of the program. The relative significances of the thermo-

dynamic and kinetic factors in determining the minimum temperature for epi tax-

ial growth of gallium arsenide by chemical vapor deposition were to be assessed ,

and , as a result , the optimum conditions for growth of gall ium arse ni de layers
at the l owest practical temperatures were to be defined .

The next phase of the p rogram emphasized evaluation of comp lex ep itaxia l

structures grown ~~t low temperatures unde r the conditions established during

the initial phase. This evaluation included not only a comparison of the

physical and electrical characteri stics of epitaxial structures grown at low
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and conventional temperatures , but also fa bri ~~,n io n ~f m i c r m /~jve devi ces from
ra t e rial depusitu d under low tenip erat~.rt~ co ndi t io n s .

A dvanced devices require not onl y thi nner ep itaxia l l ayer$ . but also

great l y red uced device geomet rie~~. Consequentl y, cons iderab l e e f for t is  being
expended in the U . S. and abroad to deve l op microdefinition procedures such

as e-beam and x-ray li thograp hy. Ye t , the crucial chemical etchin g steps avail-

able for use in processing these structures are , in general , emp i r i ca l l y devel—

~p e1 processes.. Duri ng the las t phase of the p rogram . the objective was to

advar~ce the state—of—the-art in GaAs etching technolog y. Particular emp has is
was to be p l aced on t heoretical and expe rimental characterization of etch rate

anisotropy w i th respect to crystallographic orientation . Various etchant com-

pos i tions to be systematicall y i nvesti ga ted and classified with respect

to the sh~~ e of the resulting etched profiles . Such information is essential

ro r  in. pro’.e~ ent of ~i st in g gallium drsenide device processing procedures and

f .~r development of new ard imp roved device desi gns.

Pe specific objectives of the program are listed below .

• Perform iterative computer calculations of gas phase supersaturation

as a function of temperature and vapor composition for GaAs ep itaxial deposi—

l ion v~~th a Ga/A SCI 3
/H2 system .

• Determ ine the critica l temperature for onset of extraneous nucleation

~ird nonse lective deposit ion as a function of the vapor composition in this

growth system .

• Measure , b y means of an in si tu recording el ect to-b ~ lance , the GaAs

ep i tax i a l growth kine t ics as a function of vapor composition to determine the

optimum .ond jtions for low temperature ep itaxial growth.

• DeterHne the degree of correlation between the conditions experi—

ment all y established for low temperature deposition and the computed gas phase
supersaturation .

2



• Evaluate the influence of substrate crystal perfection on the condi-

tions required for low temperature deposition.

• Compare , using interference contrast microscopy , the relative crys-

tal perfection of layers grown at low and normal deposition temperatures in

the in situ rate monitoring apparatus.

• Extend this comparison of perfection to layers grown at low and

normal temperatures in a conventional GaAs ep itaxial growth system .

• Grow comp lex GaAs ep itaxial structures at conventional and at sub-

normal temperatures .

• Compare the physical and electrical properties of comp l ex GaAs ep i-

taxi al structures grown at conventional and at subnorma l temperatures.

• Examine the relative abruptnesses of doping level transitions as a

function of growth temperature .

• Evaluate growth of buffe r l ayers suitable for GaAs VET structures.

Assess the feasibility of growth of these buffer l ayers at subnormal tempera-

tures.

• Characterize the electrical properties of the grown layers b y use of

capacitance—voltage and/or Hall effect measurements.

• Evaluate the properties of GaAs l ayers ep itaxiall y grown at subnor-

mal temperatures on germanium substrates .

• Evaluate the characteristics of microwave devices fabricated in

GaAs epitaxial layers grown at subnormal temperatures.

• Systematicall y evaluate and classif y the characteri stics of GaAs

liquid etchants .

• Relate these characteristics to the fundamental rate limitations

encountered in chemical etching.
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• Assess the orientation dependencies of the etchants and assimilate

the results in a manner appropriate for selection of the proper etchant com-

position to produce a desired etch shape or profile.

4
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SECTION II
SUMMARY OF ACCOMPLISHMENTS

The minimum temperature for ep itaxial growth v~ith CVD sy~~tem5 is deter-

mined by a combination of thermod ynamic and kine tic factors . In general , the

kinetic factors (such as the chemical surface reactions ) result in l ower de-

position rates as the deposition temperature is reduced u n til , finall y, a

point is reached such that the deposition rate is vanishing l y sma ll . The

thermod ynamic factors may aid or inhibit low temperature deposition , depending

on the si gn of the enthalpy (~ H) for the overall process . The well—known

Ga /AsC l
3
/H2 process for deposition of epitaxial GaAs for microwave devices

is an exothermic process (~ H negative ) , and reduction of the deposition tem-

perature under othe rwise constant conditions results in an increased gas phase

supersaturation or chemical potential for deposition . However , th is is also

accompanied by a decrease in the rate of the chemical surface processes l ead-

ing to ep itaxial growth . As the latter events actuall y determine the ep itaxial

growth rate , continued reduction in the growth temperature should simp l y re-

sult in successivel y l ower deposition rates .

Fru r the activation energy of the rate—limiting surface event , one should ,

in princi p le , be able to predict the minimum temperature for CVD ep itaxial

growth by extrapolation from the normal-temperature g rowth rates. In practice ,

this is comp licated by the onset of heterogeneous nucleation and extraneous

deposition of gallium arsenide on the fused silica reactor tube and substrate

holder. At norma l temperatures the supersaturation is sufficientl y low that

heterogeneous nucleation is prevented and growth is essentiall y limited to the

substrate. However , since the gas phase supersaturation increases with decreas-

ing temper ature . heterogeneous nucleation becomes increasing l y probable at

low temperatures. The extraneous gallium arsenide deposit s formed by het er-

ogeneous nucleation on the surrounding fused silica reactor parts compete

with the substrate for reactants and effectivel y l ower the reactant partial
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pressures near the substrate surface. Hence , at low temperatures epitaxia l

growth rates may be severely reduced be l ow the expected values if si gnificant

heterogeneous nucleation occurs. The optimum conditions for low temperature

ep i taxial g rowth are those which permi t reasonable ep i taxial growth rates

with m inima l heterogeneous nucleation . These conditions were establishe d

during the first phase of the progr am .

In growth of a compound semicond~rctor by chemical vapor deposition tech-

niques the gas phase supersaturation may be con t rolled in a number of ways .

Iterative computer calculations demonstrated the effects of the inlet gas com-

position , source temperature , and substrate temperature ’on the gas phase super-

saturat ion in GaAs depositions . The results of these calculations prov i ded

guidance for the exper iment 0l kinetic measurements that foll ,~wed . These meas-

urements we re obtained on an in situ , continuous rate monitoring apparatus .

With this apparatus the growing gallium arsenide crystal is suspended by means

of a fine fused silica fibe r from one arm of an electronic microbalance. By

electronica l l y differentiating the balance output signal with respect to time ,

the deposition (or etch ’
~ rate was continuousl y monitored. The experimental

approach permitted not onl y measurement of the epitaxial growth rate as a

function of the gas phase supersaturation , but also detection of the tempera-

ture at which heterogeneous nucleation of extraneous GaAs on the silica fiber

began .

Prior to these kinetic studies it was expected that low temperature

• deposition would ideally be obtained by decreasing the overall gas phase su-

persaturation . Addition of a small amount of “excess” AsC l
3 

to the gas stream

leaving the Ga source was demonstrated by equilibrium calculations to be an

effective method of supersaturation reduction . Experimental ly, howeve r , it

was found that heterogeneous nucleation of GaAs on fused silica is not a simple

function of the gas phase sup ersaturation as predicted by classical heteroge-

neous nucleation theories. While of obvious scientific importance , this

• 6

-4



conclusion did not solve the i ninediate practical problem of achiev i ng selective

ep itaxial gror- ith at low temperatures. Extensive kinetic anal yst s were conduc-

ted as a function of the extent of source dilution , source temperature , arsenic

partial pressure , and the gallium monoch loride partial pressure . The results

of these anal yses led to the conclusi on that the reduction of the partial

pressures of the source reactants is the onl y effective means of achieving

very low temperature selective deposition . As a result of these efforts ,

conditions were established for growth of epitaxia l GaAs layers at tempera-

tures as low as 575 C (compared to the —750°C temperature generall y emp l oyed).

During the second phase of the program , the operation of a classic Ga/

A5CL
3
/H2 g rowth system at deposition temperatures down to 55O~ C was subjected

to a detailed evaluation. The same growth system was emp loyed for deposition

at both conventional and subnormal temperatures to permit comparison of the

properties of l ayers deposited under both conditions . Nume rous ep itaxial

structures of vary ing degrees of comp lexity were grown at temperatures ranging

from the conventional 75O~C down to 550°C during this phase. Initiall y, all

layers g rown at subnormal temperatures were deposited on an ep i taxial buffer

l ayer grown at 750°C du ri ng the same run. Later , however , techniques were

developed for growth at low temperature s directl y on the substrate.

The surfaces of wafers deposited at temperatures down to as low as 575~C

were unexpectedl y bright and free of visible defects , particul arl y when the

low temperature layers are sequentially deposited on a buffer layer . It should

be stressed , however , that such good l ayers were obtained onl y with special

care when deposited at subnormal temperatures . In general , deposition at

subnormal temperatures is less reproducible than normal temperature growth

and requires greater atten t ion to surface preparation and leak con t rol for

successfu i layers.

7
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In general , it was found that the most importan t factors for successful

g rowth at subnorm al temperatures are (1) care .’ I elimination of so~ l l le aks

in the gas handling system , (2~ the use of sources with limited surface area

to minimize the source reactant concentrations in the depositio r zone while

maintaining source saturation , (3) hi gh flow velocities in the deposition

zone , and (1+) scrupulous care in substrate surface preparation . The repro-

duc i b i l i t y  from run to run is improved considerabl y by use ~f a single crystal

GaA s solid source instead of the usual arsenic—saturated liquid gallium source.

However , even with Solid sources , small surface areas are desirable to mini-

mize extraneous deposition . Good surface morp holog ies were obtained at tern-

peratures below 600°C even wi t hout the use of a buffer l ayer depos i ted at con-

ventional temperatures. Under optimum conditions li t t l e  degradation in inter—

fac i al perfection is observed on the etche d cross sect ions of layers grown

at subnormal temperatures. Likewise , the electrical characteristics of layers

deposited at subnormal temperatures were similar to those of layers grown un-

der conventional conditions in the same apparatus . In one case a laye r grown

at 595 C had a room temperature mobility of 8,000 cm
2 

V~~ s~~ for a carrier

concentration of 4.3 x 10
14 

cm’3 . The mobility of thi s laye r exceeded 60,000

cm
2 v~

1 ~~l at 77 K. Detailed measurements of dop ing profiles in in ulti layer

structures demonstrated that si gni ficant imp rovements in the abruptness of

doping level t ransitions can be achieved by growth at subnormal temperatures.

It was concluded that device-quality ep itaxial GaAs could be deposited

at temperatures below 600° c . Addi t ional  experiments revealed tha t hetero-

ep itaxia l GaAs layers could also be grown on Ge substrates at such t emperatures ,

thus minimizing the extent of solid state interdiffusio n that occurs across

the GaAs/Ge interface.

Gallium arsenide precision and orientation-dependent etching technology

was significantl y advanced during the final phase of the p rogram . A special

photomask was designed and imp l emented to p rovide data on etch rate , surface
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morp hology, and azimuthal and cross-sectional anisotropy. Acidic ari d alkaline

h ydrogen perox i de based etchants we re systematicall y investi gated . In addi-

tion , a numbe r of miscellaneous compositions including halogen-alcoh o l , po tas-

siurn l erricyanide , and ceric sulfate based etchants ~iere studied .

B t h  isotrop ic , mass—transport- limited and hi ghl y anisotrop ic , kinetica lly

limited compositions were identified. Certain br or rine- ineth anol compositions

were found to be extremel y orientation- dependent and to exhibit ‘zero under-

cutting characteristics. The latter feature should be particularl y important

in advanced device fabrication . A wide variety of cross-sectional profiles

may be achieved in formation of GaAs mesas or channels tirough chemical etching.

Suitable compositions for producing acute , obtuse , smoothl y curved , ari d com-

bination wall profile angles were identified.

Pa rticular attention was given to the hydrogen perox i de based etchant

or-p sit ion 5 . With the H2S04
/H202/H20 system the etch rates for the more

dilut e compositions exhibit a linear (first-order) dependence on the H
202

concentration ; howeve r, the rate is enhanced as the H2S04/H20 ratio approaches

unity. A notable feature of NaOH/H202 
etchants is that very shallow wall slopes

can be obtained in certain crystallographic directions when the NaOH :H202
ratio is relativel y hi gh.

A procedure was developed to permit graphic anal ysis of the cross-

sectional profiles produced by localized etching. Starting with the cross-

sectio na l profiles measured on orthogo nal cleaved cross S C L t I ( t I s throu qh

(001) GaAs slices , the pro files for slices of other orientati ons can be pre-

dicted and grap hicall y displayed. This new approach is expected to be very

beneficial in optimizing device and circuit desi gn to take advantage of ori-

entation—dependent etching or othe r special anisotropic etching p roperties.
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SECTI ON III
LIST OF PUBLICATIONS

1. 0. W . Shaw , “Gas Phase Composition and Extraneous Deposition in GaAs
Vapor Phase Epitaxy ,” J. Cr ystal G rowth 35, 1 (1976).

2. 0. W . Shaw , “GaAs Vapor Phase Ep itaxy at Subnormal Temperatures ,”
Electrochemica l Society Extended Abstracts 77—2 , 862 (1977) .

3. D . W . Shaw , “Morpho l ogy Anal ysis in Localized Crystal G rowth and
Di s so lution ,’’~ (in preparation) .

4. 0. W . Shaw , “Localized GaAs Dissolution . I. Acidic Hy drogen Perox i de
Based Etchant s ,”~

; (in p reparation).

5. 0. W . Shaw , “Localized GaAs Dissolution . II. Alkal ine Hydrogen Perox i de
and Brom i ne—Methanol Based Etchan ts ,”~: (in preparation) .

Tentative Titles
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SECTI ON IV

L IST OF ORAL PRESENTATIONS

1. 0. W . Shaw , “Gas Phase Supersaturation and Heterogeneous Nucleation
in GaAs Vapor Deposition ,” Thir d Annual Conference on Crystal Growth ,
Jul y 1975, Stanford University.

2. 0. W. Shaw , “GaAs Vapor Epit axy at Subnormal Temperatures ,” Fall Meeting
of the Electroche m ical Society, October 1977, At ianta , Georg ia.

3. 0. W . Shaw , “Locali zed GaAs Dissolution . I. Acidic Hyd roge n Perox i de
Based Etchants ,” tentative t i t l e , antici pated presentation.

4. 0. W . Shaw “Localized GaAs Dissolution . II. Alk aline Hydrogen Perox i de
and Bromine -Methano l Based Etchants ,” tentative title , anticipated
p~ eseri tat ion .
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SECTION V

ADM IN IST RATIVE

Don W. Shaw served as both program manager and princi pal investi ga tor
during the program. No consultations with Department of Defense Laboratories

were conducted , and no patents or patent disclosures were ori ginated as a

result of the activities .
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